We report the synthesis and properties of a new layered tetragonal ternary compound CsMn 4 As 3 (structure: KCu 4 S 3 -type, space group: P 4/mmm, No. 123 and Z = 2). The material is a small band-gap semiconductor and exhibits an antiferro- 
Introduction
Discoveries of high-T c superconductivity in the layered cuprates 1 and 122-, 1111-and 111-type iron-based pnictides 2 suggest that the layered materials containing stacked square lattices of transition metal ions and with inherent antiferromagnetic (AFM) fluctuations/ordering are one of the most promising avenues for the search for new superconductors. After the surprising discovery of high-T c superconductivity in the iron-based compounds the search for new materials that may not necessarily contain iron but crystallize in the related layered structure began and as a result a few new superconductors were discovered. 3 BaMn 2 As 2 , which is isostructural to the well-known superconductor parent compound BaFe 2 As 2 , does not show superconductivity. [4] [5] [6] Instead, when doped with holes by replacing Ba with K or Rb, BaMn 2 As 2 exhibits half-metallic behavior and a novel magnetic ground state where localmoment AFM of the Mn-sublattice and itinerant ferromagnetism (FM) of the doped holes coexist with each other. [7] [8] [9] [10] [11] [12] [13] Intriguingly, the ordered-moment alignments in these two different types of collinear magnetic orders are orthogonal to each other. Whereas the moments in the G-type AFM of Mn-spins are aligned along the tetragonal c-axis, the FM moments of the itinerant holes lie within the ab-plane. 9, 11 Another consequence of the hole doping in BaMn 2 As 2 is a slow suppression of its Néel temperature T N that is reduced from 625 K in the parent compound to 480 K in 40% hole-doped Ba 0.6 K 0.4 Mn 2 As 2 . 8 An extrapolation of the T N versus doping concentration x suggests that full suppression of long-range AFM ordering might be achieved at x ≈ 0.8. 8 Thus, by drawing an analogy with the iron-based counterpart BaFe 2 As 2 , 2 one would anticipate the emergence of an interesting ground state in the fully (x = 1) hole-doped AMn 2 As 2 compounds (A: alkali metal), where these hypothetical phases might be superconducting or at least serve as a potential parent compounds to new superconductors.
While our repeated attempts to synthesize the AMn 2 As 2 compounds failed for A = Na, K, Rb and Cs, in our endeavor we discovered a fascinating new tetragonal compound CsMn 4 As 3 which can be best described as a completely collapsed variant of the BaMn 2 As 2 where the entire middle layers of cations and As anions are absent, forming a Mn 4 As 3 bilayer of Mn atoms ( Fig. 1) . As a result, the ratio of the tetragonal lattice parameters c/a is only 2.44 in CsMn 4 As 3 compared to 3.23 in BaMn 2 As 2 . CsMn 4 As 3 is a small band-gap semiconductor that crystallizes in the KCu 4 S 3 -type structure [14] [15] [16] (space group P 4/mmm, Z = 2). This structure is similar to those of the cuprates and the iron-based pnictides, containing a framework of stacked square lattices of transition metal (Mn) ions (Fig. 1) .
Additionally, our computational and experimental results indicate an AFM ground state in this material. Considering the stimulating observations made in the case of BaMn 2 As 2 , this new compound and its plausible variants appear to bring an opportunity to explore some new exciting electronic and/or magnetic ground states possibly including superconductivity.
Experimental and Computational Details
Synthesis. Single crystals of CsMn 4 As 3 were grown by the solution growth technique using MnAs self flux. Cs and MnAs were taken in a ratio of 1:4 in a 2 mL alumina crucible which was then sealed inside a Ta tube under ∼ 1 atm argon pressure. The Ta tube was then sealed inside a quartz tube under ∼ 1/5 atm argon pressure. The assembly was then heated to 1230
• C in about 20 h, kept there for 5 h and then cooled down to 1110
• C in 70 h. At this temperature the excess flux was decanted using a centrifuge. Several platelike shiny crystals of typical size 5 × 5 × 0.5 mm 3 were obtained from the growth (Inset, Fig. 1S , supporting information).
Removal of one layer of cations X-ray Diffraction Studies. Powder x-ray diffraction (XRD) data were collected at room temperature using a Rigaku Geigerflex diffractometer utilizing Cu-K α radiation (λ = 1.54059 Å). Rietveld refinement was performed using the FullPROF package 17 (Fig. S1 , supporting information).
Single crystals of CsMn 4 As 3 were sealed in glass capillaries inside a N 2 -filled glovebox.
Single-crystal diffraction data sets were collected at room temperature over a 2θ range of showed a primitive-tetragonal lattice and the intensity statistics indicated a centrosymmetric space group. The reflection intensities were integrated with the APEX II program in the SMART software package.
18 Empirical absorption corrections were employed using the SAD-ABS program. 19 The space group P 4/mmm (No. 123) of the structure was determined with the help of XPREP and SHELXTL 6.1. 20 The structure was solved by direct methods and subsequently refined on |F 2 | with a combination of least-square refinements and difference
Fourier maps.
The refinements of CsMn 4 As 3 converged to R 1 = 0.0709, R W = 0.0973 for all data with goodness of fit 1.102 and maximum residuals of 3.92 and −1.68 e/Å 3 that were 0.8 and 1.1 Å from the Cs and As2 sites, respectively. The refinement parameters and some crystallographic data are given in Table 1 . The corresponding atomic positions and significant bond distances are listed in Table 2 and in two parts-first between 1.8 to 300 K using the N-grease and then between 290 to 344 K on the same crystal using the H-grease, where both N-and H-grease were supplied by QDI.
In-plane electrical resistivity ρ ab versus T measurements were performed on a single crystal sample using the PPMS over the T range of 1.8-300 K.
Electronic Structure Calculations. Electronic structure calculations on CsMn 4 As 3
were performed self-consistently using the tight-binding linear-muffin-tin-orbital (TB-LMTO) method within the atomic sphere approximation. 21 The simplest model that allows the AFM coupling was employed, which is in space group P 4mm with two independent Mn atoms.
The exchange and correlation were treated in the local spin-density approximation (LSDA)
calculations. Scalar relativistic corrections were included. 22 The Wigner-Seitz radii of the spheres were assigned automatically so that the overlapping potentials would be the best possible approximation to the full potential. 23 The radii (Å) were: Cs = 2.39, Mn1 = Mn2 = 1.38, As1 = 1.61, As2 = As3 = 1.48. No additional empty spheres were needed subject to an 18% overlap restriction between atom-centered spheres. Basis sets of Cs 6s, (6p, 5d, 4f );
Mn 4s, 4p, 3d; and As 4s, 4p, (4d) (downfolded orbitals in parentheses) were employed, and the tetrahedron method using a 18 × 18 × 6 mesh of k-points was applied to perform the reciprocal space integrations.
For bonding analysis, the crystal orbital Hamilton populations (COHPs) 24 of all filled electronic states for selected atom pairs were calculated. The weighted integration of COHP curves of these atom pairs up to the Fermi energy (E F ) provides ICOHP values, i.e., total (integrated) Hamilton populations (Table 4) , which are approximations of relative bond strengths. The COHP analyses provide the contributions of the covalent parts of particular pair-wise interactions to the total bonding energy of the crystal. (Fig. 1) .
Results and Discussion
As a result, the c-axis is compressed to about 3/4 of the c-axis of BaMn 2 As 2 . This altered structure seems to primarily result from two synergetic effects-(i) charge balance between the cations and the anion, where the formal charge on CsMn 4 As 3 can be assigned according to the Zintl-Klemm rule by assuming complete electron transfer from cations to anions, yielding There are two types of arsenic atoms present in CsMn 4 As 3 -the bridging As atoms (As1)
that are bonded to eight Mn atoms in a rectangular geometry and the terminal As atoms (As2) that are bonded to four Mn atoms in a similar way as in BaMn 2 As 2 which has only one type of As atom ( Fig. 1) . In CsMn 4 As 3 , each Mn is bonded to four As in a distorted 
tetrahedron geometry (Fig. S2 , supporting information) with a longer bond length (2.666 Å)
between Mn and shared As (As1) along the c-direction and a shorter bond length (2.533 Å) between Mn and the terminal As (As2). The As-Mn-As bond angle ranges from 107.08(1)
• to 115.65(1)
• , significantly deviating from an ideal tetrahedral geometry. On the other hand, in the case of BaMn 2 As 2 , each Mn is bonded to four As in a slightly distorted tetrahedron (As-Mn-As bond angle 108.64
• − 109.89 • ) with equal Mn-As bond distances (2.566 Å). In the related iron-based analogue 143-compound CaFe 4 As 3 that crystallizes in an orthorhombic structure (space group: P nma), Fe atoms are in two different coordination (Table 3) .
Electronic Structure and Chemical Bonding. 25 In the latter compound a strong cation-anion (Ca-Pt) bonding was observed due to the availability of 3d orbitals of Ca which are naturally lacking in Na. To compare the bond energies of the A-As (A = Ba or Cs) bonds in the presently reported and the BaMn 2 As 2 structure types, we have performed calculations on CsT 4 As 3 (T = Mn, Zn and Cd) and BaMn 2 As 2 compounds (Table S2 , supporting information). The calculations show that the −ICOHP value for the Ba-As bond is double than that of the Cs-As bonds, which indicates a weaker cation-anion interaction in CsT 4 As 3 compared to that in the BaMn 2 As 2 . In addition, the number of such bonds per unit cell in BaMn 2 As 2 are double the number of those bonds in CsMn 4 As 3 . Hence the bond energy contribution of the A-As interaction per unit cell toward the structure stability in the later structure is four times smaller in magnitude than in the former.
Mn-As bonding in CsMn 4 As 3 arises largely from interactions between Mn 4s, 3d and As 4p orbitals, whereas Mn-Mn bonding comes from Mn 4s, 4p and Mn 4s, 4p orbital interactions. It may be noted that Mn 3d along with the 4s and 4p orbitals significantly participate in the chemical bonding with As and thus result in a more delocalized 3d state of Mn compared to our earlier-reported Mn-based intermetallic compounds.
28,29
Heat Capacity. Figure 4 shows the temperature T variation of the heat capacity C p of CsMn 4 As 3 . The C p at T = 300 K is 213.4 J/mol K, which is about 7% larger than the expected Dulong-Petit value C V = 3nR = 199.6 J/mol K, where R is the molar gas constant and n is the number of atoms per formula unit which is 8 for CsMn 4 As 3 . To investigate if this discrepancy originates from a large electronic contribution to the C p , we first focus at the low-T data. At low temperatures, in absence of any magnetic contribution or phase transition the C p (T ) follows
where γ is the electronic Sommerfeld coefficient, and γT and (βT 3 +δT 5 ) represent the low-T electronic and lattice contributions to the C p , respectively. We get a good fit to the data using eq 1 [Inset (a), Fig. 4 ] and the fitted values of the coefficients are γ = 5.4(3) mJ/mol K 2 , β = 1.43(3) mJ/mol K 4 and δ = 1.05(7) × 10 −2 mJ/mol K 6 . Using the estimated γ, the electronic contribution to the C p at 300 K is calculated as 1.62 J/mol K. This is much smaller than the observed enhancement over the Dulong-Petit value, and thus rules out an electronic origin of it. Additionally, our attempt to fit the C p (T ) of CsMn 4 As 3 between 1.8 to 300 K using the Debye model 30,31 of acoustic lattice phonons resulted in a poor fit to the data (Fig. 4) . These two observations together suggest the presence of a sizable magnetic contribution to C p (T ) of CsMn 4 As 3 near room temperature, indicating that T N > 300 K. A similar observation was made earlier in the case of Fe-doped BaMn 2 As 2 . : variation of C/T with T at low temperature. Solid curve is a fit using the eq 1 described in the text.
CsMn 4 As 3 . The DOS at the E F D γ (E F ) can be estimated from the experimentally estimated γ using
where D γ (E F ) is for both spin directions. The calculated value of D γ (E F ) is 2.3(1) states/eV f.u.
for both spin directions. A similar D γ (E F ) was observed in the lightly (<5%) hole-doped Fig. 5 ]. These observations collectively suggest that the mechanism of electrical transport in CsMn 4 As 3 is qualitatively similar to that in the related small band-gap semiconductor BaMn 2 As 2 , which also shows a non-metallic T -dependence and a finite sample-dependent ρ ab at T → 0.
4,6,7
The observed T -dependence of ρ ab likely originates from the limited availability of currentcarrying s and p states at the E F of CsMn 4 As 3 . As evident from the band calculations (Fig. 3) the contribution of the s and p states to the D(E F ) is only ∼ 1 state/eV f.u. for both spin directions, whereas the heavier d states that may not take part in the conduction contribute ∼ 4 states/eV f.u. for both spin directions. From the observations made in the heat capacity and the electrical resistivity measurements as well as from the results of the band calculations it appears that bad-metal type electrical conduction behavior of CsMn 4 As 3 is an outcome of limited availability of conduction carriers and strong electronic correlations.
It appears that similar to the hole-doped BaMn 2 As 2 , this material can likely be pushed into a metallic ground state by hole/electron doping and/or by the application of external pressure. 33 We have also evaluated the possibility of the variable range hopping 34,35 -type electrical conduction in our material. However, the data do not seem to follow this behavior, especially at the low temperatures (Fig. S5, supporting information) . and exhibits the features that suggest the presence of two magnetic transitions at T 1 = 325 (5) and T 2 = 150(5) K, respectively.
Since the CsMn 4 As 3 crystals were grown using the MnAs flux which is a ferromagnet with T c = 313(5) K, 36-38 it's natural to consider that the transition observed at 325 K could possibly be an outcome of the inclusion of MnAs impurity in the crystals. However, the absence of this transition in the χ c (T ) data taken on the same crystal as well the jump observed in the C p (T ) at T 1 (Fig. 4) together suggest that this feature is likely a bulk effect intrinsic to the material and is not due to ferromagnetic impurity. Additionally, NiAs-type hexagonal crystal structure and significantly different lattice parameters of MnAs 39 compared to those of CsMn 4 As 3 reduce the possibility of epitaxial growth of films of the former between the layers or on the surface of the latter, which is required for exhibiting the anisotropic impurity effect as observed in this case. Furthermore, the results obtained on the crystals of similar tetragonal materials grown using the same synthesis process suggest that the inclusion of MnAs impurity produces nearly isotropic effects in the magnetic measurements (Fig. S7, supporting information).
Although neutron diffraction measurements are needed to solve the underlying magnetic structure of this new material, we can still extract some features of the magnetism from as indicated by the above band structure calculations, then the canting angles θ 1 and θ 2 associated with the canting events occurring at T 1 and T 2 , respectively, can be calculated as
Using eq 3, we estimate the canting angles as θ 1 = 0.07
• and θ 2 = 0.32
Variations of M c with H are shown for four temperatures in Fig. 7(b) . At high temperatures (T > 100 K), following a behavior expected from an AFM material the M c varies linearly with H. However, for T ≤ 100 K, the M c (H) data start deviating from the linear H dependence and develop a very small ordered moment µ c ≈ 0.004 µ B at 1.8 K. As discussed before, the observed small ordered moment likely originates from a ≈ 4.8
• misalignment of the tetragonal c-axis with H.
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Summary and Conclusions
We have discovered a new layered tetragonal ternary compound CsMn 4 As 3 (structure type: 
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